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The reduction of chromium from the Cr{VI) to the Cr-
{ll1} state by the presence of elemental, or
zero-oxidation-state, iron metal was studied to evaluate
the feasibility of such a process for subsurface
chromate remediation. Reactions were studied in
systems of natural aguifer materials with varying
geochemistry, Different forms of iron metal had
significantly different abilities to reduce chromate,
ranging from extremely rapid to essentially no effect.
Impure, partially oxidized iron was most effective,
with iron quantity being the most important rate factor,
followed by aquifer material type and solid:solution
ratio. Evidence for chromium—iron hydroxide solid
solution (Cry,Fe;—x)(OH)s(ss) formation was obtained

by electron probe microanalysis. A cyclic, multiple
reaction electrochemical corrosion mechanism,
enhanced by the development of an electrical double-
layer analogue, is proposed to explain the differing
iron reactivities and aquifer material effects.

Introduction

Chromium is a commonly identified groundwater con-
taminant, particularly in industrialized areas (1, 2). Re-
mediating chromate in situ by reduction and immobili-
zation is desirable due to pump-and-treat limitations (3)
and the expense of discarding surface treatment wastes.
One proposed technique involves fabricating permeable
and reactive subsurface barriers to prevent contaminant
migration by sorption, precipitation, or biotransformation
as it passes through the barrier and is exposed to altered
pH, redox, sorptive substrates, or biotic activity (4—7).
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Elemental or zero-oxidation-state metals have been pro-
posed for use in such barriers to reductively dehalogenate
organic compounds such as trichloroethene (TCE) and
tetrachloroethene (PCE) (8, 9).

In aqueous systems, the distribution of chromium forms
is strongly dependent on pH and E, (10). It occuis in two
stable oxidation states in the subsurface environment, Cr-
(VD) and Cr(III) (11, 12). Under oxic conditions Cr can exist
as Cr(VI) oxyanions, HCrO4~ (bichromate ion) at pH < 6
and CrO4%~ (chromate ion) at pH > 6 (13). These oxyanions
are readily reduced to trivalent forms by electron donors
such as organic matter or reduced inorganic species. The
reduction rate increases with decreasing pH (14). Cr(IIl)
species are dominated by CrOH2* in the pH range 4—6.5,
with Cr(OH);° forming in the pH range 6.5—-10.5 (15). The
Cr(Il) forms are very stable with respect to E,, except in
the presence of oxidized Mn (16—18), and are not oxidized
by atmospheric O until pH > 9 (19). The chromate forms
are of greatest environmental concern due to their toxic
and carcinogenic properties (13) and their greatly increased
subsurface mobility compared to the relatively immobile
and nontoxic Cr(IIl) and its species (20).

When reduced, Cr is removed from solution as Cr(OH)3?,
a precipitated phase, or when dissolved iron is present,
potentially as a chromjium—iron hydroxide solid solution
(Crx;,Fe1—_0)(OH)s(ss) (15). The formation of this solid
solution is desirable for remediation. When the compo-
nents of a solid solution are homogeneously mixed and fit
readily into the crystalline structure, without tending to be
expelled, they will have lower equilibrium solution activities
than pure solid phases. This is because component
activities at the surface of such a solid solution areless than
unity (21—-23). Cr3* and Fe** meet the crystalline structure
criteria, having the same charge and nearly the same ionic
radii, 0.63 and 0.64 A, respectively (24). Therefore, pre-
cipitated Cr is more insoluble in this form. -

Research investigating CrO42~ reduction by iron has
focused on ferrous ions in solution (25) and the presence
of ferrous iron-bearing minerals (26, 27). In such systems,
a redox couple forms where Fe?* is oxidized to Fe3+ and
Cré*isreduced to Cr®*. Zero-valence-state metals can also
serve as electron donors for the reduction of oxidized species
under certain conditions. The thermodynamic instability
(28—30) of the metal can drive oxidation—reduction reac-
tions without external energy input, if suitable coupled
reactions can occur to prevent accumulation of electric
charge (29). CrO4~ canserve as the oxidant in such asystem
and become reduced. Blowes and Ptacek (31) have shown
CrO4%~ reduction in the presence of metallic iron filings
and chips. A corrosion mechanism has been proposed to
explain these systems (32—34). The primary requirement
is the formation of an electrochemical corrosion cell (ECC)
(29) and the onset of aqueous corrosion (28).

Objectives. This research had multiple objectives.
These were to determine the following: (a) whether ECC
formation was responsible for the removal of solution
CrO42~ by elemental iron reported by Blowes and Ptacek
(31); (b) if removal would occur in systems incorporating
aquifer materials; (c) the rates and mechanisms of the
CrO4*~ removal; (d) the form and location of the removed
chromium,; (e) how iron type and geochemical differences
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affect these reactions; (f) whether this remediation approach
is suitable for a CrO,*~ plume at the U.S. Coast Guard Air
Support Center, Elizabeth City, NC (35). Since this work
draws heavily on the ECC concept, its basic features will
be briefly described in the following section.

Electrochemical Corrosion Cell. Zero-oxidation-state
refined metals tend to revert to a more thermodynamically
stable form; for example, Fe oxidizes to Fe,O; in the earth’s
oxygen-rich atmosphere {(30). When the metalisimmersed
in an aqueous salt solution, an electrochemical corrosion
mechanism can occur. Electrons (e7) are released in one
area (the anodic region), forming metal cations, and taken
up by oxidized species at another part of the metal surface
(the cathodic region). This avoids the accumulation of
electric charge. Such a cell can form (a) when dissimilar
metals are connected (by contact, for example); one
becomes the anode, the other the cathode; [Their position
in the galvanic series determines the direction of e~ flow.]
{b) when anodic and cathodic regions develop on the same
metal surface. This can result from compositional varia-
tons within the metal, surface defects, grain structure
orientation, stress differences, and chemical variations in
the surrounding electrolyte solution (28—30, 36).

These are the external circuits of the cell. An internal
circuit is also necessary, and this requirement is fulfilled by
the electrolyte. The external circuit transfers e~ from the
anode to the cathode where they can react with H* to form
hydrogen gas, with O, and H* to form water and OH™, or
with other oxidized species, such as Crf*, to form Cr¥*, For
example, when iron is the anode:

Fe’ = Fe’t + 2¢”
2H" + 2e7 = H,(g)
Fe’ + 2H" « Fe?* + H,(g)

and when oxygen is present:

anode €))
_cathode @

net reaction (3)

’ Fe’«Fe’" +3¢”  anode @
6H' + 150, + 3¢ =
30H +15H, cathode  (5)

Fe’ + 1.50, + 6H' =
Fe(OH); + 1.5H,
or should CrO,*~ be available:

net reaction (6)

Fe’ = Fe®* + 3¢~ anode @)
Cr0,”” +4H,0 + 3e™ «~
Cr(OH); + 50H  cathode {8)
Fe’ + CrO,>” + 4H,0 ~ '
Fe(OH); + Cr(OH); + 20H™ net reaction (9)

The dominant reactions will depend on geochemical
conditions. These reactions all increase the pH of the
corrosion system. Equation 9 implies that (Crx,Fe;—x)-
(OH)3(ss) solid solution (15) is a possible result when CrO4~
is present.

Experimental Section

Aguifer Core Materials. The aquifer material used for most
experiments was from the U.S. Coast Guard Air Support
Center, Elizabeth City, NC. The site geology is Atlantic
coastal plain sediment consisting of surficial sand, silt, and
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clay. Anuncontaminated core was acquired near a chrome
plating shop that had released acidic wastes into the
subsurface via an eroded opening in the concrete floor (35,
37). TheElizabeth City (EC) material had a moisture content
of 23 wt % with a mean particle size, ds; =~ 0.17 mm, and
coefficient of uniformity, dse/d1o =~ 0.15/0.39 = 0.38. Core
material from Otis Air Force Base, Cape Cod, MA, was used
to compare two distinct depositional environments. The
Cape Cod (CC) sediment is composed of Pleistocene glacial
deposits of sand and gravel with trace quantities of silt and
clay sized particles (38). Itwas 0.62 wt % moisture with dsg
2 0.52 mm and dgo/ dyo ~ 0.43/1.35 = 0.32. Analyses for Al,
Ca, Mg, Fe, and Kindicated the presence of aluminosilicate
clays in the EC, with far lower concentrations in the CC. A
tested silica sand (CSSI} was a 10—20 mesh fraction and
was not further characterized.

Iron Metals. Scrap iron filings from AdaIron and Metal
(AI&M), Ada OK, were the most comprehensively studied
of the Fel-bearing metals and by far the most reactive. This
Fe was not pure and was visually observed to be partially
oxidized. Castiron metal chips were obtained from Master
Builder’s Supply (MBS), Streetsboro, OH. The metals were
repeatedly washed with 7 mM NaCl in deionized water and
freeze-dried. Chemical analysis showed that both could
be classified as low-grade steels. BET surface areas were
8.26 m?/g for the AI&M and 1.10 m?/g for the MBS.

Stirred Batch Reactors. Stirred batch reactor (SBR}
experiments were performed in 500-mL Fleakers (32—34).
In general, these contained simulated aquifer water (SAW)
and AI&M Fe® in the presence or absence of aquifer material.
A solid:solution ratio of 150 g of aquifer material:350 g of
SAW was used when aquifer material was present. Both
EC and CCwere used in their cored and naturally wet states.
The SAW simulated the average major ionic composition
of the Elizabeth City site (CaSO; = 1 mM, NaCl = 7 mM,
pH = 6.5) or the Cape Cod site {CaSO, = 0.14 mM, NaCl
= 0.49 mM, pH = 5.9). The Elizabeth City SAW was used
with the CSSI silica sand for comparison purposes. A
humidified N, bilanket was maintained above the SBRs to
mimic the oxygen depletion that might occur within a
subsurface reactive barrier (eqs 5 and 6). Reaction tem-
peratures were 25 £ 2 °C.

E;, pH, and system temperature were continuously
acquired by Orion 290A pH/ion selective electrode meters
and recorded by computers. The redox electrode was a
Corning combination with an Ag|AgCl reference and a Pt
disk. The pH electrode was an Orion Triode, with built-in
temperature probe. The electrodes, N; outlet, and stirring
paddle were rigidly suspended through the Fleaker opening,
The stirring rate kept all solid phase materials suspended.
Reactors were wrapped with foil to prevent light-induced
reactions (39) and more closely simulate the subsurface.

Initially, the SBRs contained only SAW or SAW plus
aquifer material. After 48 h to let the SBRs approach
pseudo-equilibrium with respect to pHand E;,, 8 gof washed
and freeze-dried N purged AI&M Fe filings were added. At
about 60 h, stock K;CrOy solution was added to give initial
aqueous CrO42~ concentrations of 136—156 mg Cr/L. For
one type of experiment, CrO,%~ was added rather than Fe
at r~ 48 h and, after 115 h, 8 g of N;-purged AI&M Fe was
added.

Ej and pH were monitored at 10—15-s intervals following
the Fe and CrO4?~ additions. Samples were withdrawn both
before and after the additions and were immediately filtered
through preweighed 0.2 um pore diameter Gelman Nylaflo




membrane filters under vacuum. An aliquot of the filtrate
was removed for SO#2~ and Cl- analysis by capillary
electrophoresis (CE). The remaining filtrate was acidified
to pH < 2.0 with HNOj; and analyzed by inductively-coupled
plasma emission spectroscopy (ICP). Solids and filters were
dried at 70 °C, digested, and analyzed by ICP. Polished
epoxy briquettes of solid phase materials from the SBRs
were prepared for electron probe microscopy (EPM) (40).
Color-enhanced element maps were generated to compare
spatial codistributions of elements and deduce primary solid
compound stoichiometries.

Shaken Batch Bottles. To evaluate effects of the
variables aquifer material, solid:solution ratio, iron, and
[SO4*7], shaken batch bottle experiments (SBBs) were used.
A pseudofactorial design was employed to reduce the
number of replicates and repeated variables. These
experiments were done in shaken Oak Ridge polyallomer
centrifuge tubes in a N,-filled glovebox. They were set up
with five concentrations or masses of each variable, in
duplicate.

Tubes of SAW and aquifer material were secured
horizontally on a Thermolyne Maxi-Mix IIl rotating shaker
at 300 rpm and equilibrated for 24 h. E; and pH were then
measured in the glovebox, Fe metal was added, and the
samples were returned to the shaker. After48h, F, and pH
were again measured, and CrO,2~ was added ( = 0) to give
aconcentration of 126 mg of Cr/L. The tubeswere sampled
inthe glovebox at t=20 min, 2, 7, 24, 48, and 96 h. Samples
were immediately filtered and analyzed as given previously
for the SBRs.

Chromate Adsorption/Desorption Experiments. Chro-
mate adsorption isotherms were performed on both the
naturally wet and dried forms of the EC material (34, 36,
41,42). Theisothermswere generated bybatch experiments
with constant EC masses and solution volumes (7mM NaCl)
with five levels of CrO,2~ concentration at pH =6.5. Batches
were shaken for 24 h and then centrifuged at 1500 rpm for
30 min. Centrates were acidified with HNOjs for analysis
by ICP. Chromate desorption, using high phosphate
concentrations to compete for adsorption sites (34, 35, 43—
45), was used to assure that CrO~ was reduced in these
systems rather than merely adsorbed to the iron oxyhy-
droxide rusts that are formed.

Results and Discussian

Chromate Adsorption/Desorption. Adsorption data (34)
were modeled using the Freundlich equation. The dried
EC exhibited greater Cr adsorption than the naturally wet
material with less surface saturation at the concentrations
used. This was possibly due to adsorption by Fe forms that
were oxidized during the drying process. The Freundlich
K, for the chromate Cr adsorption was 3.4 mL/g for the dry
composite (n = 0.80) and 2.8 mL/g for the wet material (n
= 0.91). Adsorption capacity (b) was estimated with the
Langmuir equation (46). For the wet EC material b = 24.3
ug of chromate Cr/g with K; = 0.147. For the dry EC, b=
34.5 ug of chromate Cr/g with K = 0.112.

The competitive desorption of CrO,2— from surface
adsorption sites by excess PO~ resulted in nearly full
recovery of initial Cr concentrations in all experiments
without Fe® (34). However, samples containing Fe® were
reduced from 109 mg of Cr/L to below 0.3 mg/L with no
CrO42~ recovery by PO,3~ desorption. This confirmed that
reduction was occurring and not adsorption by oxyhy-
droxides.

Stirred Batch Reactors. If corrosion occurs, the Ey at
the surface of the corroding anode should approach that
of the oxidation—reduction half-reaction responsible for
the dissolution of the metal surface (egs 1, 4, and 7). Effects
on pH should also indicate the system’s behavior. In a
suspension, bulk E;, and pH should approach those near
the reactive surface. This is the entire reactive surface,
however, including both cathodic and anodic regions.
Therefore the half-reactions of the electron acceptors (e.g.,
eqs 2, 5, and 8) will also influence the measured E, and pH
aswill any other active redox couples. This s called a mixed
potential.

Figures 1 and 2 compare the F, and pH results of type
1 and type 2 SBR experiments using 8 g of AI&M Fe? without
and with EC aquifer material, respectively. When Fe? is
added, the E, rapidly drops to negative values in both
systems, indicating greatly increased e~ activity, while pH
rises. This is indicative of corrosion reactions (eqs 1-9).
When CrO4?~ is added, pH again rises and Ej, reverses to
become more positive, but not as positive as before the Fe?
addition. The pH increase is predicted by eq 9, and the
intermediate F;, illustrates a mixed potential. The plots as
well as visual observation of oxyhydroxide rust formation
indicate that corrosion reactions are occurring, since the
E;, values following the addition of Fe® were driven to values
approaching the half-reaction potential

Fe?" + 2e” + Fe(s) B> =—447mV (ref24)  (10)

and the CrO,?~ addition moved the mixed potential in the
direction

CrO,*” + 4H,0 + 3e~ = Cr(OH),(s) + 50H"
E° =400 mV (pH =9) to > =560 mV (pH =7)
(ref 13) (11)

The initial E, changes upon Fe® addition provide
additional evidence for corrosion; these were best fit by
zero-order reactions (34). Zero-order kinetics imply that
the rates of E;, change were not significantly impacted by
the reactant concentrations generating the initial e~ activity.
This is probably because the 8 g of Fe? filings approximated
an infinite reactive surface area with respect to the corrosion
coupling, solubilization, and instantaneous redox capacities
of the SAW solution. This partially oxidized and impure Fe
material may have carried, on its surface and in its
composition, all the redox couples needed to initiate the
corrosion process, lacking only the internal circuit (i.e., the
solution) to complete the electrochemical cell.

The total E, and pH changes in the type 2 experiment
(Figure 2) were not as extreme as those of the type 1 (Figure
1). In addition, the rates of B, change were reduced by
nearly an order of magnitude with EC material present (type
14w = 3900 mV min™, type 2,y ~ 500 mV min~!). These
results indicate that EC has buffering capacity for both
parameters. This is significant for CrO42~ reduction, since
the reaction rate increases with lower pH but decreases
with increasingly positive Ey,.

Figure 2 (EC material present) shows a stable post-CrO42~
addition pH = 7.5. Solution CrO,*~ was reduced below
detection limits (0.0024 mg of Cr/L) within 60 h. Its
disappearance corresponded to the F, drop that occurred
at that point, i.e., the diminishment of this particular mixed
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FIGURE3. Chromate (a) and suifate {b) behavior in the type 1 stirred
batch reactor with no aquifer material.

potential. This drop indicated continuing corrosion and
Fe dissolution, even in the absence 0f CrQ,;?~ as an electron
acceptor.

In Figure 1 (EC material absent), the pH never fell below
8.7 after CrO,2~ addition. CrO4*~ was not completely
reduced during the 146 h following its addition, and the E,
drop did not occur.

Data from an EC-containing SBR where Fe® was added
after the CrO42~ rather than before supported the idea that
electron acceptors are available from the EC material.
Chromate disappeared rapidly upon Fe® addition while E,
declined and remained low, due to continuing reactions at
lower E° than eq 11 (e.g., 2H* + 2e~ « H, at E? = 0.00 V).
Sieve analyses (34) indicated significantly more fines in the
EC than in either the CC or 10—20 mesh CSSI materials. It
islikely that these fines were contributing electron acceptors

1916 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL, 29, NO. 8, 1895

800 P i2
Fo added cro* 2
" cro,
600 - — beiow 10— Eh(my)
detection
400 . ~= pH
] £
=
> 200 g
E s T
= e =X
[ I } ]
N 4
-200 1
466 i L2
-600 Q
[+ 50 100 150 200 250
Hours

FIGURE 2. Type 2 stirred batch reactor £, and pH results, using
AI&M Fe, Elizaheth City aquifer material.

a
140 @ 800
'émo 600
o0 A F500 o
£ 80+ ~ B A Fs %
g <t a A—f———b 400 £
T 60 A o
E 3000
T o
54 T [ 200
1 o
20 — 100
0 4 o Oo-olo—a-do

0 50 100 150 200 250
a0, > o Chromate, mg Cr/L
injected (b)

a Solids Cr, mg/kg
N
70
= 60 \
o

N
2so NS
@ E
&40
5’,30§
203
104

90

0 50 100 150 200 250

Hours
-~ Sulfate, mg/L
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to couple with the corrosion reactions, possibly via hy-
drolysis and secondary proton-generating reactions.

Figure 3a (type 1, EC absent) shows significant but
incomplete solution CrO,?~ removal, from 140 initially to
26 mg Cr/L by experiment’s end, along with Cr appearance
in the solid phase. When EC material was present (Figure
4a) CrO4*~ was removed within 1 min to ~80 mg Cr/L and
completely eliminated within 50 h. Using the Langmuir
capacity term b, it was estimated that only 6.7% of the added
Cr could be removed by adsorption to EC material at pH
= 6.5 (natural aquifer pH). At a reactor pH of 7.5 the EC
solids would have even greater net negative charge,
decreasing adsorption of negatively charged CrO4>~ below
the Langmuir estimates. Thus, the instantaneous loss was
not due solely to adsorption onto the aquifer material.




TABLE 1

Shaken Batch Botties Using Elizabeth City Aquifer Material®

Fe type Fe (g} aq mat {g) sulfate (mM)
EC1A Al&M 0 9 0.86
EC1B Al&M 0.01 9 0.86
ECiC Al&M 0.05 9 0.86
EC1D Al&M 0.1 9 0.86
EC1E Al&M 0.25 9 0.86
EC2A Al&M 0.48 0 0.86
EC2B Al&M 0.48 0.05 0.86
EC2C Al&M 0.48 0.5 0.86
EC2D Al&M 0.48 5 0.86
EC2E Al&M 0.48 20 0.86
EC3A Al&M 0.48 9 0.1
EC3B Al&M 0.48 9 1.1
EC3C Al&M 0.48 9 2.1
EC3D Al&M 0.48 9 3.1
EC3E Al&M 0.48 9 4.1
EC4A MBS 0 9 5.9
EC4B MBS 0.01 9 5.9
ECAC MBS 0.05 9 5.9
EC4AD MBS 0.1 9 5.9
ECAE MBS 0.25 9 5.9
ECB5A MBS 0.48 0 5.9
EC5B MBS 0.48 0.05 5.9
EC5C MBS 0.48 0.5 5.9
EC5D MBS 0.48 5 5.9
ECSE MBS 0.48 20 5.9

solid:solution final Cr (mg/L) K{h) tiz, (h)
0.35 104 —6.20 x 104 1118
0.35 85 —2.16 x 103 320
0.35 79 —2.40 x 1073 289
0.35 52 —5.86 x 1073 118
0.35 <0.020 —5.66 x 102 12
0 <0.020 ~1.75 x 1077 3.9
0.002 <0.020 ~8.28 x 102 8.4
0.02 <0.020 —-1.67 x 1071 4.4
0.2 <0.020 —-1.26 x 10° 0.6
0.77 <0.020 —1.54 x 100 0.4
0.35 <0.020 —2.79 x 107 2.5
0.35 <0.020 —3.06 x 107 2.3
0.35 <0.020 —3.05 x 101 2.3
0.35 <0.020 —3.02 x 10~ 2.3
0.35 <0.020 —3.00 x 101 2.3
0.35 110 —5.23 x 104 1325
0.35 109 —9.71 x 104 714
0.35 105 —-1.02 x 10~3 679
0.35 99 —1.40 x 1073 493
0.35° 102 —1.36 x 10~3 508
0 98 —4.01 x 10~3 173
0.002 94 —3.72 x 10—3 186
0.02 92 —-3.32 x 103 209
0.2 82 —4,06 x 10~3 171
0.77 64 —6.31 x 1073 110

# Negative K values indicate loss of chromate from solution. ¢ Variables in italics.

However, due to corrosion, the type 2 reactor had
generated a large quantity of iron oxyhydroxides, greatly
increasing the potential adsorption capacity of the system
(43, 47). The type 1 experiment had the same initial mass
of Fe® and contained oxyhydroxides, but no instantaneous
CrO4%~ loss was observed. This difference can be explained
by system pH. The iron solid phase most likely to form
initially is amorphous Fe(OH)s, with a pH,, = 8.5.
Therefore, at pH = 7.5 in the type 2 experiment, a large
surface area of Fe(OH); with a net positive charge was
present, allowing significant CrO,>~ adsorption. Inthe type
1 experiment, the pH had risen to 10.3 and never fell below
8.7, significantly higher than the pH,,. of Fe(OH)s. This
greatly reduced the number of positively charged surface
sites and instantaneous CrO4*~ adsorption was not ob-
served. These observations are supported by SO~ be-
havior. In Figure 3b, a small amount of SO~ adsorption
occurred following Fe? addition. Figure 4b, however, shows
significant SO42~ adsorption following Fe? addition, with
its immediate desorption upon competition by the ap-
proximately equimolar CrO,2~. This was followed by
gradual SO~ readsorption as the CrO4?~ was reduced. It
is not known whether reduction of adsorbed CrO,?>~ made
existing adsorption sites available for SO4?~ readsorption
or if this was due to the production of new adsorption sites
as fresh iron oxyhydroxide rust was formed by corrosion.

An SBR using CSSI silica sand also completely reduced
CrO4*~ but did not show instantaneous CrO,?~ adsorption
(pH > 8.5) or the extent of SO4>~ adsorption and desorption
seen in the EC type 2 study. The E;, drop following CrO,2~
reduction was also not as significant. This signaled the
absence of electron acceptors and the decline of the
corrosion reactions that had provided reduced species to
the solution.

Reduction rates in all SBRs were adequately described
by pseudo-first-order reactions with respect to Cr, indicating

a concentration dependence on CrO,>~ or the reduction
mechanism(s). Reduction occurred more rapidly when EC
aquifer material was present (t;/, = 10.8 h) than when either
CC (t1/2=15.8 h) or CSSI (#;,2 = 14.6 h) materials were used.
With no aquifer material (type 1 SBR), the rate was much
slower (t1;2, = 67.9 h).

Shaken Batch Bottles (SBB). Table 1 presents the setup,
final Cr concentrations, and first-order #;,, results for five
types of batch experiments with EC material. Sample codes
1, 2, 3, 4, or 5 followed by A through E indicate the batch
type (i.e., the variable parameter) and the level of the
variable, respectively. Variable parameter values are in
italics. Experiments were also conducted with CC and CSSI
materials; these results are presented elsewhere (34).

Effect of Iron. Increased Fe® mass decreased #;/, values.
This effect was greatest for the AI&M Fe’ and most
pronounced in the presence of EC materials (Figure 5a;
Table 1, EC1). The MBS Fe® had much lower reactivity
{Figure 5b; EC4). This could be partially due to its lower
surface area relative to the AI&M, but this factor of 8 could
not account for the differences. Inaddition, extremelyslow
CrO4%~ reduction by pure Fe® has been shown (34).
Although some Fe?* dissolution may have gradually oc-
curred and reduced small amounts of CrO42~, a new or
enhanced mechanism occurred when EC material was
added, even in small quantities. This supports the hy-
pothesis that the AT&M Fe? carried all redox couples needed
to initiate the corrosion process. The pure Fe® did not and
very little happened when EC material was absent.

Effect of Aquifer Material Type. The EC material caused
some loss of solution CrO,?~ due to adsorption and some
natural reductive capacity, even with no Fe® present (Table
1, EC1A, EC4A; Figure 5a,b). Aloss from 126 to 114 mg of
Cr/L can be predicted from the Langmuir capacity term,
which would include both effects. Figure 5 shows that all
EC systems removed Cr from solution to at least 114 mg/L
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material and MBS Fe, {c} SBB CC1: Cape Cod aguifer material and AI&M Fe, and {d) SBB $S1: commercial silica sand and AI&M Fe.

by the first sampling at £ = 20 min (0.33 h). Both EC and
CC systems completely reduced CrO,2~ when sufficient
AT&M Fe® was present, but when less Fe? was available, the
EC material was more effective. CSSI sand (Figure 5d)
compared poorly to either EC1 or CCl.

The BEC material buffered pH to lower values. As was
shown, a stable SBR reaction pH = 7.5 was attained using
EC material, while CC and CSSl yielded pH ~ 8.7. Pourbaix
{48) has noted that iron corrosion progressively increases
inintensity at pH < 9.5 or pH > 12.5, with the region between
these values near the boundary of a domain of immunity.
Therefore, corrosion “intensity” and, consequently, CrO42~
reduction should be enhanced by the lower pH of the EC
systems. Figure 6 shows that the pH trends observed in
the SBRs were also seen in the SBBs. These data were
acquired just before the CrO4*~ addition. Increasing AT&M
Fe® mass from 0 to 0.25 g, at a constant 9 g of EC, increased
pH about 1 unit (Figure 6a, left). Using CC material, pH
increased approximately 1.7 pH units (Figure 6b, left). With
constant Fe? = (.48 g and aquifer material mass increased
from 0 to 20 g, pH decreased only to pH =~ 8.1 with CC
(Figure 6b, right) but decreased to pH ~ 7.2 with EC (Figure
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6a, right). These data confirm that the EC had significantly
more capacity to lower pH.

One explanation for the pH reduction is the larger
quantity of aluminosilicate clay-sized particles in the EC
materials. Aluminum and silica released by dissolution
could be important in maintaining the corrosion reactions.
Feldspar dissolution in systems far from equilibrium has
been measured (49, 50), and significant montmorillonite
dissolution has been demonstrated at pH values bracketing
those found in this study (51). Kaolinite dissolution under
similar conditions can result in theformation of silicic acid
and gibbsite (21). The gibbsite can then solubilize since
Al(OH), is the dominant solution Al species at pH > 7.

ALSi,0,(0OH), + 7H,0 — 2Al(OH),” + 2H,Si0, + 2H"
kaolinite
(12)

This yields silicicacid and protons. BelowpH =9, dissolved
silica exists primarily as H,Si0,. Silicic acid reactions with
mineral surfaces such as goethite (-FeOOH) release
protons under alkaline conditions. This causes a shift in
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FIGURE 6. pH trends in the SBB experiments with (a) Elizabeth City
and (b) Cape Cod aquifer materials.

the titration curve (21) that can be explained by reactions
such as

=FeOH + H,Si0, = =FeOSi(OH), + H,0 (13)

=Fe0Si(OH), ~ =Fe0SiO(OH),” + H"  (14)
The protons from egs 12 and 14 can then become the needed
electron acceptors for the corrosion processes to proceed.

Equations 13 and 14 are significant since corrosion
reactions generate substantial iron oxyhydroxides. Coor-
dination of silicic acid with these surfaces would reduce
the solution H,SiO, concentration, promoting additional
aluminosilicate dissolution through disequilibrium. This
dissolution would result in new protons, continued coz-
rosion, and the formation of additional oxyhydroxides.
Therefore, the EC aluminosilicates may yield protons via
multiple and cyclic mechanisms, lowering pH and pro-
moting CrO4?~ reduction by proton coupling to corrosion
reactions at the cathode (eq 2).

Effect of Solid:Solution Ratio. Increasing the EC solid:
solution ratio generally enhanced CrO4*~ reduction rates
(Table 1, EC2, EC5). Calculations show this was not due
simply to raising the total natural EC adsorption/reduction
capacity in AI&M Fe’-containing systems. However, when
MBS Fe® was used (EC5), the difference between final CrO42~
concentrations for 5 (EC5D) and 20 g (EC5E) of EC material
could be attributed to removal by the larger EC mass with
little, if any, reduction by the iron. Reaction kinetics for all
MBS samples (EC4, EC5) were nonlinear and seemed to
consist of two or more limited-capacity mechanisms. These
could be rapid adsorption onto the EC material followed

Multiple Regression Model

Dependent variable is:Log t1/2

No Selactor

R squared =94.5% R squared (adjusted) = 93.5%
s= 0.2671 with 15-3 =12 degrees of freedom

Source Sum of Squares df Mean Square F-ratio
Regrassion 14.6207 2 7.31036 102
Residual  0.856032 12 0.071336
Varlable Coetficient  s.o. of Coetf t-ratio prob
Constant 3.14248 0.1965 16.0 <£0.0001

Fe (g) -5.15020 0.3602 <143 £0.0001
Solid:Solution -1.28123 0.3795 -3.38 0.0055

3r 0

log
t2,
hours ;

-0.00 0.75 1.50 2.25
Predicted log t1/2, hours

FIGURE 7. Whole model regression incorporating the effects of Fe
in grams and solid:solution ratio. Plot illustrates the actual £, data
versus the &, predicted by the model. Data point labels are iron
mass in grams.

by its slightly slower natural CrO4?~ reduction. The #,,; for
the MBS Fe? samples are, therefore, biased to unrealistically
short periods. Increases in the CC solid:solution ratio did
not have a discernible effect on CrO,2~ removal. This
material also did not have any significant natural capacity
to adsorb or reduce CrO4*~. This lack of capacity may be
due to the absence of a significant clay-size fraction.
Sulfate Effects. Sulfate concentration had no apparent
effect on CrO,2~ reduction with EC material (Table 1, EC3).
High concentrations enhanced CC systems, but the effect
was minor, and these heterogeneous systems require
caution when interpreting small data differences. Sulfate
may form aqueous complexes of FeSO, with ferrous iron
at low Ei, as predicted by Minteq A2 (34). Complexation
could promote iron dissolution and stabilize reduced
species to greater distances from the iron surfaces, en-
hancing CrO42~ reduction. None of the laboratory experi-
ments achieved e~ activity sufficient to reduce SO4*~.
Analysis of the Elizabeth City SBB Half-Life Results.
Exploratory data analysis was performed on the SBB
experiments (52). The resultant multiple regression model
and associated statistics are given with Figure 7, which
shows predicted log £, versus the actual log t;/, values.
Approximately 94% of the variation in the log #2 is explained
by AI&M Fe® mass and solid:solution. This model allows
the time required for CrO4#~ reduction by AI&M Fe® in
combination with the EC aquifer material to be reasonably
well predicted if the mass of iron, the solid:solution ratio,
and the system volume are known. It should be noted,
however, that the highest experimental solid:solution ratios
are far lower than those of an aquifer. In addition, larger
proportions of iron relative to fill materials would be
incorporated into a permeable reactive barrier wall. Re-
duction rates in such a field scenario should be much faster.
Proposed Geachemical Mechanisms. Figure 8a,b shows
the EPM elemental X-ray maps for Fe and Cr oxyhydroxides,
respectively, on a reacted AI&M Fe? filing. Based on the
apparent perfect correspondence between the Fe and Cr
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FIGURE 8. Electron backscatter images and elemental X-ray maps for iron (a) and chromium (b) oxyhydroxides.

phases, along with the literature, it seems certain that the
Cr is being precipitated as (Crx,Fe;—_x)(OH); solid solution.
Figure 9 is a simplified representation of the near-Fe
surface reactions that we propose are occurring in these
nonequilibrium systems. It illusirates e movement in a
corrosion cell domain on an iron filing. As represented, it
appears to be a single, stable domain with clearly defined
anodic and cathodic regions. This is possible; however,
Scully (28) tells us that the metal surface often consists of
continuously shifting anodic and cathodic sites. Oriented
water molecules at the surface are not depicted because
these are readily displaced by charged species since water
molecules are polar but have no net charge (29).
Differences in the galvanic potentials of metals in the
filing, other compositional variations, surface defects, grain
structure orientation, stress differences, and/or chemical
variations in the surrounding electrolyte result in e~
movement, forming anodic and cathodic regions within
the corrosion cell domain. Electronically unstable zones
bounding previously reacted/corroded surface areas will
be susceptible to the formation of such domains. Inthese
zones, dissolution is occurring and potentially unfilled
orbitals exist alongside completely filled shells. The
reactivity of these regions is derived from the concept of
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“active centers” on solid surfaces due to “unsaturated
atoms” (53) and is implied by the quantum theory of solids
(54). Reaction rates will be enhanced to a greater degree
compared to pure, undeformed, atomically smooth sur-
faces. Due to e~ deficiency, the anodic region develops a
net positive charge and surface Fe?*. The Fe?* is then free
to enter the solution, its entry rate and solubility being
dependent on solution chemistry.

‘We propose that in the vicinity of the positively charged
anodic surface an analogue to the electrical double-layer
model (21) will form. This would resemble a variable-charge
mineral surface at a pH less than its pHyp.. The surface/
near-surface zone would resemble the Stern layer, with a
swarm of anions (including CrO,2~ and SO4*") electrostati-
cally drawn toward the surface and the released Fe?*, This
would promote formation of the FeSO,4 complex as well as
redox coupling of CrO4%~ to reduced Fe species, increasing
the Cr0,42 reductionrate. The simulated Gouy layer would
be a diffuse zone deminated by cations as counterions to
the Stern layer, gradating into the bulk solution.

The negatively charged cathodic region would resemble
a variable-charge mineral at pH > pH,,.. The Stern layer
analogue would be dominated by cations, including protons
{H") and other e~ acceptors as well as nonreducible ions




Cathode

s ~“~—Fe or Fe & Cr Oxyhydroxides
(rust)

FIGURE 9. Graphical depiction of an iron or steel filing undergoing
electrochemical corrosion; with electron transfer and the formation
of anodic and cathodic regions within a corrosion cell domain, and
the generation of electrical double-layer analogues at the surface
and into the solution.

such as Na* and Ca?*. The Gouylayer would be dominated
by anions. At the cathodic surface, hydrogen ions are not
strongly adsorbed, allowing some surface migration. As
they approach one another they are reduced to diatomic
molecules (H;) and given off as a gas (28). These molecules
can potentially couple with CrO,?~ and cause its reduction,
but H* is probably most important for maintaining the
corrosion reaction by preventing charge accumulation and
allowing iron dissolution. It might be considered unlikely
that Ht would be significant at neutral pH and above. Bulk
pH and ionic concentrations cannot be considered fully
representative of surface or corrosion pit conditions
however (28). These experiments strongly suggest that
protons have an important role in CrO42~ reduction by these
reactions.

Another possible mechanism for CrO,%~ reduction is
direct e transfer at the iron surface. Although these
experiments do not provide explicit evidence for this, the
formation of positively charged surface regions along with

the instantaneous but temporary adsorption of CrO,~ onto

the freshly formed iron oxyhydroxides can keep CrO4*~ near
the surface. Shifting cathodic and anodic zones could allow
a site with adsorbed CrO42~ to transfer e~ to the ion.
Additional research is needed.

Summary and Conclusions

These data support the conclusion that CrO4?~ in solution
can be reduced to Cr(Iil) by corrosion mechanisms in the
presence of elemental iron forms. These corrosion reac-
tions can only proceed when suitable e~ acceptors are
present to form an appropriate couple and prevent the
accumulation of electric charge. Some types of iron are far
more reactive than others for reducing CrO4?~ while certain
aquifer materials contribute more significantly to these
reactions due to their mineralogy. Aluminosilicates appear
able to provide e~ acceptors through dissolution, main-
taining the corrosion process. A cycle candevelop in which
rust formation promotes additional dissolution. The

Elizabeth City aquifer material had this capability; the Cape
Cod and CSSI silica sand did not. Studies on the effects of
clay type and concentration are continuing.

The CrO4%>~ plume at the Elizabeth City site should
respond well to remediation by this method provided that
native aquifer materials are mixed with the AI&M Fe® and
backfilled to construct the reactive barrier(s). Commercial
sands alone may not be sufficient for backiill without
modification (such as the addition of clays) due to their
inability to buffer pH and provide suitable chemical
coupling.
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